Introduction {#s1}
============

Multiple sclerosis (MS) is a chronic autoimmune and degenerative disease of the central nervous system (CNS) that mainly occurs in young adults, with a female predominance ([@B23]). The characteristic pathologic changes in MS patients are multifaceted, including multiple demyelinating plaques in the white matter of the CNS, predominantly located around the lateral ventricles and accompanied with reactive glial hyperplasia and axonal injury ([@B8]). Despite increased research into the etiology, pathogenesis, and treatment of MS, current therapeutic regimes for MS are relatively limited, and the disease continues to be a therapeutic challenge worldwide.

Although the etiology and mechanism of MS remain elusive, neuroinflammation was shown to play a pivotal role in the occurrence and development of MS ([@B4]). Excessive inflammation leads to cell death and tissue damage, such as demyelinating lesions and axonal injuries. The nod-like receptor protein 3 (NLRP3) inflammasome, a promoter involved in innate immune response initiation, has been reported to participate in the progression of many neurodegenerative diseases, including MS ([@B17]; [@B39]; [@B44]). Pyroptosis is a newly discovered form of inflammatory cell death that can be triggered by activation of the NLRP3 inflammasome ([@B35]). Once the NLRP3 inflammasome is assembled, functional caspase-1 is released, thus activating interleukin (IL)-1β, IL-18, and gasdermin D (GSDMD), an important downstream target protein in pyroptosis ([@B14]; [@B34]). As a result, cells swell until their membranes burst, releasing a large number of inflammatory cytokines and leading to a dangerous inflammatory cascade ([@B7]). Therefore, blocking the NLRP3 signaling pathway and pyroptosis is expected to alleviate neuroinflammation and disease progression.

Ghrelin, a 28-amino acid octanoylated peptide first extracted from rat stomachs in 1999, acts as an endogenous ligand for the growth hormone secretagogue receptor (GHSR) ([@B22]). GHSR is expressed in many tissues, indicating that ghrelin has various biologic functions. During starvation, ghrelin is produced chiefly in gastric mucosal endocrine cells and also secreted in the arcuate nucleus of the hypothalamus ([@B12]). Ghrelin has several endocrine activities, including the regulation of growth hormone secretion, appetite, dietary cravings, and body composition ([@B33]; [@B41]). Accumulating evidence suggests that ghrelin can pass through the blood--brain barrier (BBB) and exert non-metabolic functions as a neuropeptide in the CNS ([@B32]). For instance, ghrelin has a protective role in MS with favorable effects that are related to neuroinflammation attenuation associated with Th1/Th17-driven immune responses and regulatory T-cell production ([@B40]). However, whether ghrelin participates in the modulation of inflammasome-related neuroimmunity needs further research.

In this study, we examined the anti-demyelinating and anti-neuroinflammatory effects of ghrelin to study its effects in an experimental autoimmune encephalomyelitis (EAE) rat model, an ideal MS animal model ([@B3]). We also studied the molecular changes involving the NLRP3 inflammasome pathway before and after ghrelin administration and explored the effects of ghrelin on the pyroptosis signaling pathway. This study provides novel information on the effects of ghrelin as a neuroprotectant and as a possible therapy for MS patients.

Materials and Methods {#s2}
=====================

Drugs and Reagents {#s2_1}
------------------

Ghrelin was obtained from Enzo Life Sciences (New York, USA) and dissolved in PBS. A bicinchoninic acid (BCA) protein assay kit was obtained from Beyotime Biotechnology (Shanghai, China). Nitrous oxide (NO) and lactate dehydrogenase (LDH) assay kits were purchased from the Nanjing Jiancheng Institute of Biological Engineering (Nanjing, China). Anti-NLRP3 and anti-apoptosis-associated speck-like protein containing a CARD (ASC) antibodies were obtained from Novus Biologicals (Centennial, USA). Anti-caspase-1, anti-CD68, and anti-inducible nitric oxide synthase (iNOS) antibodies were obtained from Abcam (Cambridge, UK), anti-IL-1β, anti-NF-κB P65, and anti-NF-κB p-P65 antibodies were obtained from Cell Signaling Technology (Danvers, USA). An anti-GSDMD antibody was obtained from Santa Cruz Biotechnology (Texas, USA). Anti-iba1 and anti-β-actin antibodies were obtained from Proteintech (Chicago, IL, USA). The luxol fast blue (LFB) stain fluid was obtained from Sigma-Aldrich (St. Louis, MO, USA). The enzyme-linked immunosorbent assay (ELISA) kits for rat IL-1β, IL-6, and tumor necrosis factor-α (TNF-α) were purchased from Dakewe Biotech (Shenzhen, China). The ELISA kit for rat IL-18 was purchased from RayBiotech (Norcross, USA).

Animals {#s2_2}
-------

Female Sprague Dawley (SD) rats (200--220 g) and guinea pigs (350--450 g) were procured from Beijing HFK Bioscience Corporation, China. Animals were housed with free access to food and water under a 12 h day/night cycle in a specific-pathogen-free level animal laboratory. Standard room environment was maintained with a constant temperature of 23 ± 3°C and relative humidity of 55 ± 3%. Experiments were strictly performed in accordance with the NIH guidelines for the Care and Use of Laboratory Animals. All experimental procedures on animals in this work were approved by the Institutional Animal Care and Use Committee of ShengJing Hospital, China Medical University (no. 2016PS012K). The number of animals used and animal suffering were minimized as much as possible.

Development of the EAE Model {#s2_3}
----------------------------

The EAE model was established as previously described ([@B9]). Briefly, all animals were initially acclimatized to the environment. Complete Freund's adjuvant (CFA) was prepared using incomplete Freund's adjuvant (Sigma, St. Louis, MO, USA) and 10 mg/ml *Mycobacterium tuberculosis* H37Ra (Difco, BD Biosciences, USA). Guinea pig spinal cord homogenates (1 g spinal cord mixed with 1 ml 0.9% saline) were added to the same volume of CFA and thoroughly emulsified. On days 0 and 7, each rat was immunized with the emulsion by subcutaneous injection into both hind footpads and the base of the tail with a total volume of 0.4 ml. Pertussis toxin (PTX, Sigma, St. Louis, MO, USA) was injected subcutaneously into rats at days 0 and 2.

Experimental Grouping {#s2_4}
---------------------

Animals were randomly grouped as follows: Group 1, healthy control (PBS injection; *n* = 10); Group 2, EAE (*n* = 10); Group 3, EAE + ghrelin (100 µg/kg, once daily; *n* = 10); and Group 4, ghrelin control (100 µg/kg, once daily; *n* = 10). PBS and ghrelin were injected subcutaneously. The dose of ghrelin used in our experiments was consistent with that used in similar studies ([@B6]; [@B26]). According to our previous work, the peak EAE onset, on about day 14, was a suitable time to collect blood samples and acquire brain and spinal cord (lumbar enlargement) tissues ([@B45]).

Behavioral Assessments {#s2_5}
----------------------

Clinical behavioral scores of experimental animals in each group were blindly recorded by two observers each day according to the following criteria: 0, no clinical symptoms; 1, tail tension disappeared or slightly clumsy gait; 2, flaccid hind limb; 3, moderate hind limb paralysis; 4, paralysis of both hind limbs, paralysis of the forelimbs, or weakened muscle strength with urinary and fecal disorders; and 5, pre-death stage; ± 0.5 units were placed between each criterion. Changes in animal weights were also examined daily.

Hematoxylin and Eosin (H&E) and LFB Staining {#s2_6}
--------------------------------------------

After anesthesia, the hearts of the rats were perfused with normal saline and then 4% paraformaldehyde. After humane euthanasia, the brain and spinal cord tissues were separated and fixed in 4% paraformaldehyde for 24 h, then dehydrated with graded ethanol, and transparentized with xylene. After being embedded in paraffin, the tissues were sectioned into 5-µm-thick slices for H&E or LFB staining to assess the degree of inflammatory cell infiltration and spinal demyelination, respectively, following the manufacturers' protocols. Inflammatory infiltrations and demyelination were evaluated as described in a previous study, and the final score of each rat was averaged from three different histologic sections ([@B31]). Stained sections were observed under a Nikon 300 microscope.

Immunohistochemistry (IHC) {#s2_7}
--------------------------

Protocols were obtained from our previous experiments ([@B15]). Five-micrometer-thick paraffin sections were treated with 3% H~2~O~2~ and goat serum albumin for endogenous peroxidase inactivation and nonspecific binding site blocking. Next, sections were incubated with anti-CD68 and anti-iba1 primary antibodies overnight at 4°C and biotin-labeled goat anti-rabbit or mouse IgG for 30 min at 37°C in sequence. Finally, diaminobenzidine (DAB) as the chromogen was used to visualize the immunocomplexes that were captured under a Nikon 300 microscope.

Real-Time Polymerase Chain Reaction (RT-PCR) Analyses {#s2_8}
-----------------------------------------------------

We used a two-step quantitative RT-PCR for our experiments. Total RNA was isolated from spinal cord tissues using RNAiso Plus (TaKaRa, Japan) according to the manufacturer's instructions, and then RNA concentration was quantified. A certain amount of RNA was reverse-transcribed into single-stranded cDNA using the TaKaRa PrimeScript^™^ RT Master Mix. Then, cDNA samples were used to quantify gene expression levels using the TaKaRa TB Green^™^ Premix Ex Taq^™^-based PCR. The mRNA expression level of each sample was calculated using the 2-ΔΔCt method and was normalized with an endogenous reference, GAPDH. Primer sequences used in this study are listed in [**Table 1**](#T1){ref-type="table"}.

###### 

Primer sequences used for RT-PCR.

  Gene    Sequences (5′ to 3′)   
  ------- ---------------------- ------------------------
  TNF-α   Forward                TGAACTTCGGGGTGATCG
          Reverse                GGGCTTGTCACTCGAGTTT
  IL-6    Forward                AGAAAAGAGTTGTGCAATGGCA
          Reverse                GGCAAATTTCCTGGTTATATCC
  iNOS    Forward                CACCACCCTCCTTGTTCAAC
          Reverse                CAATCCACAACTCGCTCCAA
  COX-2   Forward                GCAAATCCTTGCTGTTCCAACC
          Reverse                GGAGAAGGCTTCCCAGCTTTTG
  IL-1β   Forward                TGGCAGCTACCTATGTCTTGC
          Reverse                CCACTTGTTGGCTTATGTTCTG
  IL-18   Forward                AAACCCGCCTGTGTTCGA
          Reverse                TCAGTCTGGTCTGGGATTCGT
  GAPDH   Forward                GACATGCCGCCTGGAGAAAC
          Reverse                AGCCCAGGATGCCCTTTAGT

Western Blotting Analyses {#s2_9}
-------------------------

Lysis buffer with added protease and phosphatase inhibitors was used to extract protein from minced spinal cord tissues. After the tissues were incubated on ice and centrifuged, supernatants were collected, and the BCA protein assay kit was used to measure protein concentrations. Then, the supernatant was mixed with an SDS-PAGE sample loading buffer and heated in a mental bath. Normalized samples (35 µg) were loaded to SDS-PAGE electrophoresis and transferred to PVDF membranes (Millipore). After being blocked in 5% skimmed milk for 2 h at room temperature, membranes were then incubated overnight at 4°C with primary antibodies against NLRP3 (1:500), caspase-1 (1:1,000), ASC (1:1,000), IL-1β (1:1,000), GSDMD (1:500), NF-κB p65 (1:1,000), NF-κB p-P65(1:1,000), iNOS (1:1,000), or β-actin (1:2,500). Next, the membranes were washed with a TBST buffer (Tris-buffered saline containing 0.1% Tween 20, pH = 7.6) and secondary antibodies for 2 h at room temperature on a shaking table. A chemiluminescence imager was used to detect chemiluminescence membrane immunoreactivity using the chemiluminescence detection kit (ECL kit, Millipore). Relative immunoreactivity levels were reflected using grayscale values and were standardized by a reference protein (β-actin) using ImageJ software (NIH).

ELISA {#s2_10}
-----

Sample preparation was carried out firstly. All the test specimens were disposed and analyzed following the manufacturer's protocols. The ELISA kits for rat IL-1β, IL-18, IL-6, and TNF-α were used to detect the expressions of these inflammatory cytokines in serum collected from rats. The results were compared to standard curve with gradient concentration. Absorbance (Optical density value) was measured at the appropriate wavelength recommended by protocols. All experiments were repeated three times.

Nitrite Analyses {#s2_11}
----------------

In this study, nitrite generated from rat serum was detected to estimate the expression of NO indirectly. All the test specimens were processed and analyzed in accordance with manufacturer's procedures. Nitrite absorbance (optical density value) was measured at 550 nm wavelength by a microplate reader.

LDH Analyses {#s2_12}
------------

Blood was first collected from rats and then centrifuged to obtain serum. Using the microwell plate method, serum LDH concentrations were measured using a commercial LDH assay according to the manufacturer's protocols. The colorimetric wavelength was determined at 450 nm. All experiments were carried out in triplicate.

Statistical Analysis {#s2_13}
--------------------

Data were expressed as the mean ± SD from at least three independent experiments. Statistical analysis of weight changes and clinical behavioral scores were performed using two-way analyses of variance (ANOVA) followed by Bonferroni's multiple group comparisons. Other results were performed with one-way ANOVA. *P* values \< 0.05 were considered statistically significant.

Results {#s3}
=======

Ghrelin Delays the Onset and Relieves the Symptoms of EAE Rats {#s3_1}
--------------------------------------------------------------

In the present study, the EAE rat model of MS was successfully established, which laid the foundation for the following experiments. Weight changes ([**Figure 1A**](#f1){ref-type="fig"}) and clinical behavioral scores ([**Figure 1B**](#f1){ref-type="fig"}) were recorded every day to evaluate the therapeutic effects of ghrelin on MS in EAE rats. EAE rat body weights decreased at day 8 and declined at a faster rate during the following days, which was consistent with our previous studies ([@B25]). Clinical behavioral line chart scores indicated that EAE group animal conditions worsened at day 10 compared with the healthy control group. After ghrelin treatment, EAE rat body weights began to decrease at day 12, which was later than untreated EAE rats. In addition, ghrelin-treated EAE rats appeared to have an uncoordinated performance even later, and daily mean neurologic scores were lower compared with those of the untreated EAE rats. These results demonstrated that ghrelin treatments not only delayed the onset of EAE but also alleviated the symptoms of EAE rats.

![Treatment of ghrelin ameliorated symptoms and suppressed inflammatory infiltration and demyelination in CNS tissues of EAE rats. **(A)** Body weight changes of rats during the experimental period (*n* = 10). **(B)** Variations of neurological scores during the experimental period (*n* = 10). Statistical analysis of different groups was performed with two-way ANOVA followed by Bonferroni's multiple group comparison. **(C)** H&E staining showed that ghrelin attenuated inflammatory infiltration in brain tissues of EAE rats. **(D)** LFB staining showed that ghrelin attenuated demyelination in spinal cord tissues of EAE rats. Inflammation scores (*n* = 5) **(E)** and demyelination scores (*n* = 5) **(F)** were markedly decreased in the ghrelin-treated group. Scale bars: 50 µm. Data were shown as mean ± SD. \**P* 0.05, \*\**P* 0.01,\*\*\**P* 0.001 versus the control group, ^\#^ *P* 0.05, ^\#\#^ *P* 0.01, ^\#\#\#^ *P* 0.001 versus the EAE group. *NS*, not significant. Con, control.](fphar-10-01320-g001){#f1}

Ghrelin Reduces Inflammatory Brain Infiltrations and Spinal Cord Demyelination in EAE Rats {#s3_2}
------------------------------------------------------------------------------------------

The rats were sacrificed to obtain CNS tissues at the peak onset of disease, which was about day 14 post-inoculation. We performed H&E staining on brain tissues to evaluate inflammatory cell infiltration ([**Figures 1C, E**](#f1){ref-type="fig"}). EAE rats suffered from more serious inflammation, as shown by apparent perivascular cuffs and diffuse inflammatory cell infiltrations around small vessels. Ghrelin treatment markedly ameliorated inflammatory cerebral cell infiltrations. Moreover, when we stained lumbar spinal cord enlargements with LFB to assess the protective effects of ghrelin on demyelination ([**Figures 1D, F**](#f1){ref-type="fig"}), we found a statistical decline in demyelination scores in ghrelin-treated EAE rats compared with those that did not receive treatment. Therefore, these results demonstrated that ghrelin decreased the severity of EAE by controlling CNS inflammation and demyelination.

Ghrelin Decreases Inflammatory Cytokines Release in EAE Rats {#s3_3}
------------------------------------------------------------

To reaffirm anti-inflammatory effects of ghrelin following the EAE challenge, we further assessed the expression of some pro-inflammatory cytokines produced by tissue-invading immune cells. Results of RT-PCR revealed that TNF-α, IL-6, COX-2, and iNOS mRNA were markedly expressed in the spinal cord of EAE rats compared with levels in healthy control rats ([**Figure 2A**](#f2){ref-type="fig"}). Marked increases in TNF-α, IL-6, and NO expressions were also observed in serum of EAE rats, which was consistent with RT-PCR results ([**Figures 2B, C**](#f2){ref-type="fig"}). Nevertheless, ghrelin treatments dramatically reduced these changes, which convincingly demonstrated the anti-inflammatory effects of ghrelin.

![Treatment of ghrelin decreased the production of inflammatory cytokines of EAE rats. **(A)** The mRNA expressions of inflammatory cytokines were measured by quantitative RT-PCR (*n* = 5). **(B)** Inflammatory cytokine expressions in serum were measured by ELISA (*n* = 10). Expression of NO in serum was measured by a NO assay kit (*n* = 10). Data were shown as mean ± SD.\*\**P* 0.01 versus the control group, ^\#\#^ *P* 0.01 versus the EAE group. *NS*, not significant. Con, control.](fphar-10-01320-g002){#f2}

Ghrelin Suppresses Microglia Aggregation and Activation in EAE Rats {#s3_4}
-------------------------------------------------------------------

Iba1, a calcium-binding protein specific to microglia, was detected by IHC to exhibit microglia aggregation. Compared with the healthy control group, the EAE group showed that more microglia concentrated around the damaged tissues and small vessels ([**Figure 3A**](#f3){ref-type="fig"}). CD68, a lysosomal protein with high expression on the surface of activated microglia versus low expression on resting microglia, was measured in lumbar enlargements of the spinal cord ([**Figure 3B**](#f3){ref-type="fig"}). CD68 expression was upregulated in EAE rats compared with the healthy control group rats, which represented that more microglia were activated after EAE. Interestingly, ghrelin treatments decreased positive rates of both iba1 and CD68 expressions as shown in [**Figures 3A, B**](#f3){ref-type="fig"}, which indicated that ghrelin could suppress microglia aggregation and activation.

![Treatment of ghrelin inhibited microglia aggregation and activation in EAE rats. IHC staining of iba1 **(A)** and CD68 **(B)** in the spinal cord tissues. Scale bars: 50 µm.](fphar-10-01320-g003){#f3}

Ghrelin Decreases the NLRP3 Signaling Pathway Molecular Expression in EAE Rats {#s3_5}
------------------------------------------------------------------------------

We investigated the underlying mechanisms behind the neuroprotective effects of ghrelin, NLRP3, IL-1β, ASC, and caspase-1 in CNS tissues by western blot analysis and found that molecular expressions were significantly elevated in the EAE rats compared with healthy control rats ([**Figure 4**](#f4){ref-type="fig"}). Moreover, we also further analyzed expressions of two vital cytokines, IL-1β and IL-18, involved in the NLRP3 inflammasome signaling pathway. High IL-1β and IL-18 expression levels were noticed in the spinal cord tissues of EAE rats by RT-PCR ([**Figure 5A**](#f5){ref-type="fig"}) and ELISA analysis ([**Figure 5B**](#f5){ref-type="fig"}). Ghrelin inhibited increases in the expression of these cytokines, which provides a deeper understanding of ghrelin's anti-inflammatory effects.

![Treatment of ghrelin inhibited the NLRP3 signaling pathway in EAE rats. **(A)** Representative western blot images of changes in the expression level of NLRP3, ASC, caspase-1, and IL-1β. **(B--E)** β-Actin was used as internal control to calculate relative expression. Data were shown as mean ± SD (*n* = 5). \*\**P* 0.01 versus the control group, ^\#^ *P* 0.05,^\#\#^ *P* 0.01 versus the EAE group. *NS*, not significant. Con, control.](fphar-10-01320-g004){#f4}

![Treatment of ghrelin downregulated expressions of IL-1β and IL-18. **(A)** The mRNA expressions of IL-1β and IL-18 were measured by quantitative RT-PCR (*n* = 5). **(B)** IL-1β and IL-18 expressions in serum were measured by ELISA (*n* = 10). Data were shown as mean ± SD. \*\**P* 0.01 versus the control group, ^\#\#^ *P* 0.01 versus the EAE group. *NS*, not significant. Con, control.](fphar-10-01320-g005){#f5}

Ghrelin Alleviates Pyroptosis in EAE Rats {#s3_6}
-----------------------------------------

It is important to comprehend the relationship between ghrelin and pyroptosis during the onset period of EAE. We contrasted levels of LDH in serum and GSDMD in spinal cord tissue among these experimental groups. Compared with that in healthy control rats, expression of LDH in serum of EAE rats was relatively high. Treatment with ghrelin inhibited EAE-induced LDH production, which meant ghrelin lessened the occurrence of cell death ([**Figure 6A**](#f6){ref-type="fig"}). In order to have a further understanding about whether pyroptosis happened in EAE rats and whether ghrelin could attenuate pyroptosis, western blotting was utilized to analyze protein expression levels of GSDMD. As shown in [**Figure 6B**](#f6){ref-type="fig"}, we noticed that GSDMD was higher in EAE rats and lower in ghrelin-treated EAE rats. Therefore, we concluded that ghrelin could alleviate pyroptosis in EAE rats.

![Treatment of ghrelin inhibited pyroptosis in EAE rats. **(A)** Expression of LDH in serum was measured by an LDH assay kit, *n* = 10. **(B)** Representative western blot image of changes in the expression level of GSDMD. β-Actin was used as internal control to calculate relative expression (*n* = 5). Data were shown as mean ± SD.\*\**P* 0.01 versus the control group, ^\#\#^ *P* 0.01 versus the EAE group. *NS*, not significant. Con, control.](fphar-10-01320-g006){#f6}

Ghrelin Inhibits Activation of NF-κb in EAE Rats {#s3_7}
------------------------------------------------

The transcription factor NF-κB is related with many neuroinflammatory disorders and plays a key role in activating the NLRP3 inflammasome signaling pathway. In our study, we found that expression of NF-κB p-P65 in the spinal cord of EAE rats went up obviously ([**Figures 7A, B**](#f7){ref-type="fig"}). Ghrelin administration reduced NF-κB p-P65 expression with statistical significance, which confirmed the neuroprotective effects of ghrelin against EAE.

![Treatment of ghrelin inhibited NF-κB activation in EAE rats. **(A)** Representative western blot images of changes in the expression level of NF-κBP65 and NF-κB p-P65. **(B)** The ratio of NF-κB p-P65/NF-κBP65. Data were shown as mean ± SD (*n* = 5).\*\**P* 0.01 versus the control group, ^\#\#^ *P* 0.01 versus the EAE group. *NS*, not significant. Con, control.](fphar-10-01320-g007){#f7}

Ghrelin Has No Unconcerned Effects on Healthy Rats {#s3_8}
--------------------------------------------------

Previous studies supported that ghrelin could increase appetite and weight ([@B21]; [@B16]). Because weight changes is an important evaluation indicator for disease severity, we administrated healthy rats with the same dose of ghrelin in order to eliminate bias that would influence the outcome. As shown in [**Figures 1A, B**](#f1){ref-type="fig"}, difference of weight changes and neurological scores between healthy rats and the ghrelin-vehicle group did not achieve statistical significance (*P* \> 0.05). In addition, results of histological examination ([**Figures 1C--F**](#f1){ref-type="fig"}, *P* \> 0.05), production of pro-inflammatory cytokines ([**Figure 2**](#f2){ref-type="fig"}, *P* \> 0.05), and molecules involved in the NLRP3 signaling pathway ([**Figures 4**](#f4){ref-type="fig"}--[**7**](#f7){ref-type="fig"}, *P* \> 0.05) were not significant as well. These all revealed that the ghrelin dosage used in our experiments did not exert unconcerned effects on healthy rats.

Discussion {#s4}
==========

In this study, we found that ghrelin administration markedly attenuated inflammation and demyelination in the CNS of EAE rats, as shown by the inhibition of inflammatory factors, microglial activation, and improved functional behaviors. Moreover, ghrelin influenced the NF-κB expression and thus suppressed the NLRP3 inflammasome signaling pathway and pyroptosis. These findings clarified the relationship between ghrelin and the NLRP3 inflammasome in MS, which serves as preclinical research to combat MS.

Neuroinflammation, one of the most basic protective responses of the CNS, plays a crucial role in many physiologic and pathologic processes ([@B29]). The brain and spinal cord can exert immune responses against injuries as a mechanism of self-defense, and these responses include the elimination of invasive pathogens, removal of damaged cells, and promotion of tissue repair. However, the neuroinflammatory process is a double-edged sword, which during unbalanced conditions, can result in varying degrees of tissue damage and dysfunction ([@B10]). MS is a neurodegenerative disease of the CNS that can cause permanent disabilities and primarily affects young people. With characteristic recurrence and progression, MS leaves patients with lifelong treatments and great suffering. An exaggerated neuroinflammatory response has been recognized as an etiologic factor of MS, and controlling inflammation is a primary therapeutic goal in the early stages of the disease. However, the therapeutic outcomes are not very satisfactory, and an urgent need for the research and development of new drugs exists.

Ghrelin, a novel gastrointestinal hormone, is the only endogenous ligand known for GHSR, to date. In addition to its endocrine actions, ghrelin plays multifactorial functions in different regions of the brain as a brain--gut peptide ([@B2]). Positive functions of ghrelin involve anti-oxidation, anti-inflammation, anti-apoptosis, and autophagy enhancement effects ([@B19]). In the CNS, ghrelin also plays these important roles, which has been verified experimentally in animal models of cerebral ischemia, traumatic brain injury, acute spinal cord injury, epilepsy, Parkinson's disease, and Alzheimer's disease ([@B28]; [@B24]; [@B30]; [@B20]; [@B5]; [@B37]). However, there are only a limited number of studies looking at the effects of ghrelin against MS. The EAE animal, as a model for MS, has been widely adopted by researchers. In our study, spinal cords obtained from guinea pigs served as the major antigenic component to create the symptoms of EAE and then evaluate the neuroprotective efficacy of ghrelin.

After EAE rats were injected subcutaneously with ghrelin for several consecutive days, we observed improved body weight changes and neurologic scores compared with untreated ones. Moreover, brain inflammatory infiltrations, as well as the degree of demyelination in spinal cords, were also alleviated. As expected, the expressions of some pro-inflammatory mediators, including TNF-α, IL-6, and COX-2, were decreased in the spinal cord and serum of the EAE + ghrelin group rats compared with those of the EAE group rats, which further reinforced the anti-inflammatory actions of ghrelin. Under normal CNS conditions, NO regulates several physiologic processes, such as blood flow, immune responses, and synaptic transmissions. However, there is also growing evidence that high NO levels induced by iNOS are associated with many pathologic manifestations of MS ([@B38]). Similarly, our experiments verified that NO was much higher in EAE rats as detected by serum nitrite expression. According to its function of relieving EAE symptoms, ghrelin downregulated production of both NO and iNOS. Therefore, we concluded that the predominantly improved anti-inflammatory CNS capacity might be attributed to ghrelin neuroprotection. We also gave healthy rats an equivalent dose of ghrelin as that given to the EAE rats to assess whether ghrelin had any adverse or irrelevant effects that could influence the outcomes. We discovered that there were no side effects comparing with the healthy control group, as demonstrated by unnoticeable changes such as behavioral features, histopathological characteristics, and expressions of pro-inflammatory factors.

Pyroptosis is a newly discovered form of programmed cell death mediated by the pore-forming protein, GSDMD, which results in the production of numerous pro-inflammatory cytokines ([@B36]). It is divided into two types, the canonical pathway that depends on caspase-1 and the noncanonical pathway that depends on caspase-4, caspase-5, and caspase-11. Studies have shown that pyroptosis plays a key role in the occurrence and development of various diseases, such as infectious diseases, CNS diseases, and atherosclerosis. [@B27] reported that pyroptosis in microglia and oligodendrocytes contributed to demyelination in EAE, and GSDMD inhibition could suppress pyroptosis in microglia. These findings fulfilled a new profile in the pathogenesis of MS. Inflammasome activation is increasingly thought to be the main step in initiating pyroptosis. The NLRP3 inflammasome is one of the most meticulously studied inflammasomes, and it contains three parts, namely, the NLRP3, ASC, and pro-caspase-1. Previous studies have revealed that microglia are closely related to the NLRP3 inflammasome. The combination of damage signals and pattern recognition receptors (PRRs) expressed on microglial cell membranes can activate the NLRP3 inflammasome. Therefore, the role of glial cells in neuroinflammation should not be neglected. Besides, numerous studies have reported that NLRP3 inflammasome was closely related with spinal cord demyelination. Enhanced and accelerated EAE development and spinal cord demyelination have been observed in NLRP3-deficient mice ([@B13]; [@B18]). IL-1β and IL-18 are important factors in the NLRP3 inflammasome signaling pathway and are derived from their precursors, pro-IL-1β and pro-IL-18, respectively, which can be activated by functional caspase-1. IL-1β has neurotoxic effects in the EAE model as it increases the permeability of the BBB and accelerates leukocyte infiltration. In this study, we assumed that ghrelin could control inflammatory responses by inhibiting microglial activation, the NLRP3 inflammasome, and GSDMD-related pyroptosis. Results of IHC revealed that activated microglia aggregated around the damaged tissues and small vessels in EAE rats which signified microglia were involved in inflammatory damage. We also observed increased expression of NLRP3, caspase-1, and GSDMD in EAE rats, which was consistent with the findings in the study by McKenzie et al., while NLRP3, caspase-1, and GSDMD expressions were downregulated in the spinal cords of ghrelin-treated EAE rats. The results of RT-PCR and ELISA also showed decreased expression of IL-1β and IL-18. These results were in agreement with our hypothesis. In addition, a recent study reported the protective effects of ghrelin in heart ischemia/reperfusion injury by inhibition of NLRP3 inflammasome activation ([@B43]). Moreover, Ling et al. demonstrated that ghrelin prevented collagen fibril accumulation and apoptosis by weakening NLRP3 inflammasome activation in unilateral ureteral obstruction-induced renal injury ([@B26]). Therefore, our results, once again, have underscored the beneficial effects of ghrelin on fighting the NLRP3 inflammasome and pyroptosis.

The NLRP3 inflammasome can be affected by a wide variety of upstream elements, such as NF-κB ([@B1]). PRRs combined with their corresponding ligands can act as a first signal to mediate the translocation of NF-κB into the nucleus and initiate NLRP3, pro-IL-1β, and pro-IL-18 transcription to upregulate PRR expression. It has been shown that the NLRP3 inflammasome signaling pathway could be inhibited by suppression of NF-κB signaling. In this study, we reached a similar conclusion that ghrelin was also able to attenuate NF-κB p65 expression in the spinal cord tissues of the EAE rats, which, in turn, modulated the NLRP3 inflammasome.

Our study has some limitations. First, we only showed that ghrelin inhibited the NLRP3 inflammasome signaling pathway, and therefore, we are not sure whether these neuroprotective effects involved other inflammasomes which have been reported to participate in the pathogenesis of MS ([@B11]; [@B42]). Second, a concrete mechanism of how ghrelin interacts with neurons and glial cells to prevent EAE requires further exploration. Additionally, our study still has a timing limitation as the experimental observation was stopped when the neurological score was still increasing and not later on. More studies are warranted to assess whether ghrelin is really protecting animals or is just delaying disease onset, so that we can have a comprehensive understanding of its protective effectiveness.

In conclusion, our research concentrated on the therapeutic effects of ghrelin, including its anti-demyelination, anti-neuroinflammatory, and anti-pyroptosis effects. Combined results confirmed that ghrelin could suppress NF-κB, NLRP3 inflammasome signaling pathway, and pyroptosis, along with secretions of pro-inflammatory cytokines. Owing to the neuroprotective effects of ghrelin, EAE rats had delayed disease onsets and improved behavioral functions ([**Figure 8**](#f8){ref-type="fig"}). Given the increasing evidence that ghrelin plays a significant role in complex CNS disorders, we provided additional insights into the functions of ghrelin as a novel therapeutic candidate for MS patients.

![Ghrelin attenuates neuroinflammation and demyelination in EAE involving the NLRP3 inflammasome signaling pathway and pyroptosis.](fphar-10-01320-g008){#f8}
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